Abstract. Force modeling in metal cutting is important for various purposes, including thermal analysis, tool life estimation, chatter prediction, and tool condition monitoring. Numerous approaches have been proposed to model metal cutting forces with various degrees of success. In addition to the effect of work piece materials, cutting parameters, and process configurations, cutting tool thermal properties can also contribute to the level of cutting forces. The process of orthogonal metal cutting is studied with the finite element method under plane strain conditions. A numerical procedure has been developed for simulating orthogonal metal cutting using a general-purpose finite element method. The focus of the results presented in this work is on the effect of forces on the tool by variation of cutting parameters. The result is simulated with the analytical value for evolution of effective force for cutting material under various cutting condition.
Introduction
Being the fundamental model for all cutting processes, modelling of the orthogonal cutting has been one of the most important problems for machining researchers for decades. Understanding the true mechanics and dynamics of the orthogonal cutting process would result in solution of major problems in machining such as parameter selection, accurate predictions of forces, stresses, and temperature distributions. In order to optimize machining processes three-dimensional models are indispensable that are capable to simulate three-dimensional chip flow using one cutting edge.
Literature Review
Both analytical and numerical methods have been used in the literature to model orthogonal cutting processes. The first successful mathematical attempt for understanding of the mechanics of orthogonal cutting is made by Merchant [1] . He studied the continuous type chips and formulated the deformation zone, i.e. the shear plane that is responsible for the formation of the chip by force equilibrium and the minimum energy principle. Although his work has several important assumptions, it is still widely used to understand the basics of the cutting process. Later, many researchers [2] [3] [4] [5] [6] [7] worked on the modeling of the orthogonal cutting. After some deceleration in the research on cutting process mechanics due to the developments in CNC and CAD/CAM technologies, the process research regained some momentum in recent years. Many predictive models have been proposed by means of analytical, semi-analytical or completely numerical methods up to now. Semianalytical models, where some of the values are identified from the cutting tests, usually yield high prediction accuracy, however they may not always provide insight about the process [8] [9] [10] . In addition, the cutting tests can be time consuming depending on the number of variables and their ranges. Some analytical models may provide sufficient insight about the process and the solution times are usually very short. They can be grouped in some categories such as Johnson Cook material model [13] , the slip-line models [15] [16] [17] [18] [19] , and thin and thick shear zone models [20] [21] [22] . There are also several studies where the friction in machining is investigated. However, there are still issues in modeling the rake contact zone which involves the friction between the tool and the work piece due to the complex nature of the chip-tool contact. The objective of this study is to propose an orthogonal cutting model that integrates the primary and secondary deformation zones' effects on the cutting process. In modeling of the primary shear zone the study of Dudzinski and Molinari [21] is used. The model uses a thermo-mechanical constitutive relationship which is transformed to a Johnson-Cook type material model in this study. The shear plane is modeled having a constant thickness. In their later model, they modelled the friction on the rake face as a temperature dependent value. However, they just considered sliding contact conditions which may be valid for very high cutting speeds.
On the other hand, numerical models, such as FEM, [11] [12] [13] [14] could provide much more detailed information about the process, such as temperature and pressure distribution on the rake face, however their accuracy is questionable and the solution times can be very long. A threedimensional FEM model was developed by Fang and Zeng [26] based on coupled thermo-elastic-plastic material flow. The model utilized a rigid tool and hence unable to simulate stresses inside the cutting tool. Cutting forces were measured at different inclination angles of the tool. The model was however, not validated experimentally. Zou et al.
[27] made a new Orthogonal cutting model by using an upper bound approach. They introduced two new variables based on process kinematics that replaces chip flow angle and coefficient of friction in the traditional scheme. The chip flow angles predicted from the new model were found to be comparable with the experimental results. In numerical modeling methods, both finite difference methods (FDM) and finite element methods (FEM) have been used to model orthogonal cutting processes. An FDM model to predict temperature fields in orthogonal cutting was developed by Lazoglu and Islam [28] . The proposed a new method based on elliptical structural grid generation and the computational expense was found to be much less as compared to the conventional FE models. The temperature predictions were found to be in good agreement with the experimental data using the proposed finite difference method. Li and shih [29] developed a 3D finite element model (FEM) using AdvantEdge to simulate orthogonal turning of titanium. The model can predict cutting forces, temperature at the toolchip interface and chip thickness and the effect of various process parameters and cutting geometries can be investigated. In addition to continuous chip formation, serrated chips were also modeled. All the results are found to be in close agreement with the experimental observations. In addition to traditional Lagrangian scheme, Arbitrary Lagrangian Eulerian (ALE) method was also employed by researchers to model orthogonal cutting processes. An ALE model for orthogonal cutting of AISI 4340 with cemented carbide tools was developed by Llanos et al. [30] . Chip flow angles and cutting forces were predicted with different cutting parameters and tool geometries. Overall a good correlation was found with the experimental findings. The outputs of the proposed model are the cutting forces, the stress distributions on the rake face. Although the model is still under development, the final aim of the model is to develop a cutting process model which needs minimum amount of calibration tests. The friction and material constants can be obtained from orthogonal cutting tests. After the calibration, the model can be applied for all machining operations using the same tool and work piece material.
This study aims to model orthogonal cutting process in shaping operations for AISI 1020 steel. Unlike ALE models which are computationally expensive, the developed model uses a Lagrangian approach technique. The model is able to predict initial chip formation, chip growth and steady state chip formation and does not need any prior assumption regarding the chip flow. The accuracy of the model is verified by comparing depth of cut, feed and radial forces with the analytical data. In addition tool performance and surface integrity of the work piece is analyzed using stress distribution in the work piece and the cutting tool.
Research Methodology

Johnson-Cook material model
The flow stress models that describe the work material behaviour as a function of temperature, strain and strain rate are considered highly necessary to represent work material constitutive behaviour under high-speed cutting conditions for work materials. Unfortunately sound theoretical models based on atomic level material behaviour are far from being materialized as reported by Jaspers and Dautzenberg [9] . Therefore, semi empirical constitutive models are widely utilized. Among such models, the constitutive model proposed by Johnson and Cook [13] describes the flow stress of a material with the product of strain, strain rate, and temperature effects that are individually determined as given in the following equation:
In the Johnson-Cook (JC) constitutive model, the parameter A is the initial yield strength of the material at room temperature and a strain rate of 1 s −1 and  represents the plastic equivalent strain. The equivalent plastic strain rate is normalized with a reference strain rate . The temperature term in the JC model reduces the flow stress to zero at the melting temperature of the work material, T m leaving the constitutive model with no temperature effect. In general, the constants A, B, C, n, and m of the model are fitted to the data obtained by several material tests conducted at low strains and strain rates and at room temperature as well as the split Hopkinson pressure bar (SHPB) tests at strain rates up to 10 4 s −1 and at temperatures up to 600 °C [8, 9] .
The JC model provides a good fit for strain-hardening behavior of metals and it is numerically robust and can easily be used in FEM simulation models [13] . Zerilli and Armstrong (ZA) derived an alternative constitutive model for metals with a crystal structure distinction by using dislocation-mechanics theory [14] .
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The orthogonal cutting tests results for AISI 1020 are adopted from Oxley [6] that are performed for 0.2 % carbon steel. The cutting conditions are given in Table 1 ) and temperature (20-721 °C).
Those constants are found in close agreements with the ones determined by Jasper and Dautzenberg [9] , as given in Table 1 , indicating the success of the proposed methodology.
The details of the computed process variables in the primary and secondary deformation zones are given in Table 2 . The parameters of the tool-chip interface friction model are also computed by using the methodology proposed in this study as shown in Table 1 . V, m/min 
The primary shear zone model
The plastic deformation is assumed to take place only at the shear plane, and with plane strain conditions. Also the shear plane is modeled as a thin plane but having a thickness of 0.025 mm. Moreover, the shear stress distribution at the outer boundary of the shear plane is assumed to be uniform. With the assistance of the equations of conversation of momentum and energy, and the constitutive law, Dudzinski and Molinari [21] proposed to solve a compatibility condition with an iterative procedure in order to calculate the shear stress at the entry of the shear plane, 0 . Moreover again from the equations of motion for a steady state solution and continuous type chip. The shear stress at the exit of the shear plane is calculated as presented in works [21, 22].
Oxley's analysis of machining
A simplified illustration of the plastic deformation for the formation of a continuous chip when machining a ductile material is given in Figure 1 . There are two deformation zones in this simplified model a primary zone and a secondary zone. It is commonly recognized that the primary plastic deformation takes place in a finite-sized shear zone. The work material begins to deform when it enters the primary zone from lower boundary CD, and it continues to deform as until it passes the upper boundary EF. Oxley et al. [6] assumed that the primary zone is a parallel-sided shear zone. resultant stress distribution on tool rake surface [6] There is also a secondary deformation zone adjacent to the tool chip interface that is caused by the intense contact pressure and frictional force. After exiting from the primary deformation zone, some material experiences further plastic deformation in the secondary deformation zone. Using the quick-stop method to experimentally measure the flow field, Oxley [6] proposed a slip-line field similar to the one shown in Figure 1 . Initially, Oxley and co-authors assumed that the secondary zone is a constant thickness shear zone. In this study, we assume that the secondary deformation zone is triangular shape and the maximum thickness is proportional to the chip thickness.
Numerical experiment finite element modelling of shaper tool
Numerical simulations with FEA were performed using the ABAQUS FE modeling software Advantage. Features to model machining processes in the software include adaptive remeshing capabilities for resolution of multiple length scales; multiple body deformable contact for tool-work interface, and transient thermal analysis. The material properties model contains deformation hardening, thermal softening and rate sensitivity associated with a transient heat conduction analysis for finite deformations. A constant coefficient of friction 0.2 is assumed in the simulations. The numerical simulations were performed with the commercial code ABAQUS/Explicit. The tool geometry and the cutting conditions are listed in Table 1. Two minor differences are: element layer of 2 µm in the lagrangian mesh acting as an interface between the upper part of the work piece (which will be cut forming the chip) and the lower part of the work piece (which will be the machined surface) to minimize the losses of material due to erosion and allow separation assuming a von Mises type yield criterion and an isotropic strain hardening rule for the work piece material, the yield stress y is given by the Johnson-Cook equation.
The tool was assumed to behave as an elastic solid. Table 4 shows the detail properties of the work piece. Table 5 shows the mechanical parameters and Table 6 the thermal parameters of both material models. An element deletion criterion based on a critical value of the equivalent plastic strain was considered in the lagrangian mesh for the work piece material. This serves to erode the thin layer keeping the material at the chip. Previous work showed small influence of this criterion in cutting forces and temperature distribution, when critical value ranged from equivalent plastic strain 0.5 to 3.5. No distortion was observed in the mesh with this criterion.
An initial temperature of 293 K was fixed for both solids. Although friction phenomena produce an intense heating at the tool-chip interface, friction .3 was considered as a first approximation to the problem.
Numerical model was used to analyze influence of several parameters in model results (cutting forces and chip formation mainly). 
Results and Discussion
Numerical simulation results
Analytical approach to calculate cutting force, feed force and stress generation on the tool and work piece was calculated from taking the value from Tables 2-3. The analytical calculation was considered for 100 m/s. For this velocity the different data were taken from previously conducting experiment that is Table 2 [9] . The chip thickness ratio and shear stress generated on the work piece were used to calculate shear angle, co-efficient of friction and cutting force generated on the work piece. Similarly Tables 1-2 used together to find out the stress generated on the chip during orthogonal cutting operation. The various models like JohnsonCook material model, Oxley's analysis of machining were used to find out the cutting force, feed force and stress generated in cutting process. In all the above cases depth of cut, clearance angle and rake angle are very according to requirement. When depth of cut increases cutting force and feed force value all so increases. The result of the cutting force and feed force directly depend upon the depth of cut and rake angle. The Johnson-Cook material model, primary shear zone model, Oxley's machining model, and analytical model were used to find out the result by using analytical equation. The clearance angle has no effect on calculating cutting forces. Its value remains same for same depth of cut and rake angle for whatever the clearance angle. The stress generated on tool chip interference remains same for individual depth of cut. The clearance and rake angle has no effect on the calculation of Stress generation. The resultant stress calculation was derived from Johnson-Cook material model equation and material parameters.
Finite element validation of cutting force, feed force and stress in machining of the AISI 1020 steel was addressed in present work. The finite element analysis is done by ABAQUS mechanical explicitly software. A work piece block was prepared with a dimension of (50×4×15) mm 3 . The material properties assignment was given from Johnson-Cook material model. A solid homogeneous section was assigned to the model. The proper meshing was done over the work piece model to evaluate good result. The meshing is here up to 12 000 elements. The fix boundary condition was given to the model except the cutting zone. The same process maintained for the tool also.
The material properties for the tool were calculated from Johnson-Cook material model. Material section and meshing was also given to the tool model. In boundary condition tool movement direction was given, velocity 100 m/s was maintained.
The different depth of cut maintained with different rake and clearance angle in this analysis. Detail analysis described below with graphical result.
For depth of cut 0.5 mm, 0° clearance angle and 0° rake angle, the maximum cutting force was found as 365 N at the starting point of the tool in X direction and minimum force was 302 N at the end point of the tool. The maximum feed force in this analysis was 105 N at the starting point of the tool in Y direction and minimum feed force was 38 N at the end point of the tool in the same direction. The maximum stress generated in this analysis was 8.5·10 8 Pa and minimum stress was 6.2·10 8 Pa. The result of this analysis was given in Figures 3-6 in terms of graphical view. For depth of cut 1.0 mm, 0° clearance angle and 10° rake angle, the maximum cutting force was found as 580 N at the starting point of the tool in X direction and minimum force was 524 N at the end point of the tool. The maximum feed force in this analysis was 238 N at the starting point of the tool in Y direction and minimum feed force was 176 N at the end point of the tool in the same direction. The maximum stress generated in this analysis was 8.1·10
8 Pa and minimum stress was 6.8·10 8 Pa. The result of this analysis was given in Figures 7-10 in terms of graphical view.
The above process of finite element experiment was conducted for two different depths of cut 0.5 and 1.0 mm, two different rake angles 0° and 10° and two different clearance angles 0° and 5°. Likewise 8 experiments have been carried out to find out the result. The result table is given in Table 8 . 
Comparison of the results
In this paragraph, a comparison between analytical results using the model reported in Table 8 and FE simulation presented in Table 9 .The detail result was given below.
In this comparision the analytical rasult and the finite element result were not equal in any perticular point. The value of cutting force and feed force were maximum at the tool point or edge. The value were gradually decreases to wards the end point of the tool.
Stress generation on tool chip interference very with in the range of (5.0-8.5)·10
8 Pa. From the graph it was clear that numerical approach (FEM) result for cutting force, feed force and stress generated on the tool chip interference is more than the analytical result. There was a varition of 20-100 N on feed force and cutting force by comparision of both the process. Stress generated on chip flow direction also very from point to point. By taking the maximum resultant case on each observation it was found that a diifference of (0.5-1.0)·10 8 Pa between both the process. Reasons for significant difference in analytical and FEM model results:
1. Material parameters. The material properties which are used to calculate analytical result for AISI 1020 steel is different from Johnson-Cook model material parameters. In FEM Johnson-Cook parameters with material properties are used to validate the FE experiment. These parameters are considered from previous experiment data. These are depend upon material flow rate, melting temperatue of material, properties of body and working condition.
2. Adiabatic heating.
Heat generated in the metal cutting can have a significant effect in the difference between the model result. The heat generation also directly affect the result of cutting forces and stress generation. The heat generation mechanism are the plastic work done in the primary and secondary shear zone and the sliding friction along the tool chip interference. In metal cutting process heat generated in the work piece and chip does not have sufficient time to diffuse away. Therefore temperature rise in work piece and chip is mainly due to localized adiabatic heating. Due to this reason also there is a significant difference between both the models.
3. Separation criterion. This criterion states that chip separation occur when the stress along the cutting path reach a critical combination at a specified distance in front of the tool tip. To implement this criterion in ABAQUS the cutting path in work piece is defined by contact surface. Paired finite element nodes on the contact surface are initially in the perfect bond. When the chip separation criterion is met at the specified distance in front of the tool tip, the pair of finite elements above and below the contact surface immediately before the tool tip will separate thus this process also partially affect the difference between the model results.
4. Friction generation. Friction plays a very important role in metal cutting. It not only determine the power requirement for removing a given volume of metal but also controls the surface quality of the finish product and the rate of wear of cutting tool. Friction is also difficult to model in the metal cutting. In analytical model friction is solely depends upon the frictional angle 'β' and frictional angle depend upon chip thickness ratio. Chip thickness ratio already determined from experimental data. For a particular cutting, a frictional angle is fixed. So for a particular operation a particular result is developed. The friction is depend upon the rake angle and clearance angle which are used in the operation. So the resultant forces and stress generation inanalytical process solely depend upon the friction coefficient, rake angle and clearance angle which are used in the analytical model equation to find out the result. On the other hand in FEM simulation by ABAQUS friction is taken as a constant from 0.2-0.9 which is vary from material to material. In this case I have used frictional constant as 0.3. During material cutting operation basically friction changes time to time due to material behaviour in cutting zone. Therefore frictional constant also affect the cutting forces for finding out the result.
Conclusions
The proposed finite element model can be used quite satisfactorily to predict cutting forces, Stresses and chip morphology to a reasonable degree of accuracy.
Rake angle effect in orthogonal cutting can be simulated using the developed FEM model.
Depth of cut has the largest effect on the cutting forces, whereas clearance angle has no significance influence in cutting process.
The stress and force field predicted by the FE model are in accordance with the experimental findings and theoretical knowledge.
Chip flow can easily be predicted by observing the direct stress contour at the rake face of the tool.
